To understand and describe these processes, it is important to have an adequate representation of complex physicochemical properties of the lipid bilayer, which markedly change over short distances along the membrane normal, and to properly describe the energetics of proteinÀlipid interactions. The lipid matrix can be represented either explicitly, or as a fluid milieu with defined characteristics. The later approach is much more computationally efficient and practical for simulation of large multiprotein complexes. However, even more advanced continuum solvent models, which account for both nonelectrostatic and electrostatic proteinÀsolvent interactions, 13, 14 usually apply a very simplistic approximation of the lipid bilayer by one or several hydrophobic slabs and implement arbitrary functions for describing the dielectric permittivity changes at the lipidÀwater interface. 1 Furthermore, these models focus mainly on the dielectric constant of solvent that defines the long-range electrostatics but do not include the hydrogen bonding properties of the solvent that are known to be essential for describing interactions in the first solvation shell of polar molecules and ions.
15À18
In the preceding paper, we presented empirical separation and parametrization of long-range electrostatics and the first solvation shell effects that account for hydrophobic, van der Waals, and hydrogen-bonding soluteÀsolvent interactions. We also found the minimal set of solvent parameters required to reproduce transfer energies of molecules from water to any solvent: hydrogen bonding acidity and basicity parameters (R and β), dielectric constant ε, and solvatochromic dipolarity/polarizability parameter π*.
In this study, we extended this model to quantify the energetics of proteinÀlipid interactions in artificial lipid bilayers and natural biological membranes. We introduced an advanced implicit solvent representation of the lipid bilayer that describes its anisotropic properties by transbilayer profiles of parameters ' 
METHODS
Structure of the Lipid Bilayer. Volume probabilities (fractions) of different lipid segments along the DOPC bilayer, φ m (z) were taken from the most recent X-ray and neutron scattering study. 19 The segments include CHdCH (CH), carbonyl þ glycerol (CG), phosphate þ choline (PCN), and methyl groups of choline (CholCH 3 ) (m = 1, 3, 4 and 5, respectively): 
where A is the bilayer surface area per lipid molecule, V m is the molecular volume of the fragment (in Å 3 ), Z m and s m define the locations and widths of corresponding Gaussians, respectively, and the number (n m ) is equal to 2 for CH(CHdCH) groups (there are two acyl chains in each lipid molecule) and to 1 for all other groups. The corresponding parameters are provided in Supporting Information Tables S1 and S2 .
Volume fraction of total hydrocarbon (CH þ CH 2 þ CH 3 ) was calculated using Gauss error function where φ W,outer = 0.037 and φ W,mid = 0.07 are volume fractions of water in the outer (more ordered) region of lipid acyl chains near glycerol groups and in the center of membrane, respectively, λ = 0.54 Å, and z 0 = 8.2 Å. 20, 24 Molar water concentration can be defined as φ W multiplied by bulk water concentration (55.5 M) .
The concentration of water inside the membrane was taken as maximal of values determined from the X-ray and neutron scattering and ESR data because low concentrations of water are undetectable by the scattering (φ W X-ray = 0 in the middle of membrane)
Mole fractions of components were calculated from the volume fractions
where V i is partial volume of group i (Supporting Information  Table S1 ; the partial volume of aliphatic groups for calculating molar fractions was taken as for (CH 2 ) 4 segment, 108 Å 3 ). Calculation of Polarity Profiles. The bilayer was treated as a binary mixture of two weakly interacting solvents: (a) the hydrophilic (aqueous) solution of zwitterionic phosphatidylcholine groups in water and (b) the hydrophobic solution of lipid acyl chains including their glycerol groups. The preferential solvation occurs in the first solvation shell and includes the hydrophobic effect and direct hydrogen bonding with the solvent, as defined by parameters R and β. To describe this situation, we calculated six different profiles with R and β defined separately for the hydrophobic and aqueous components: R lip (z), β lip (z), R aq (z), β aq (z), π bil (z), or ε bil (z) and concentration of water φ aq (z).
Polarity profiles were calculated from volume fractions of lipid segments and water determined by X-ray and neutron scattering (eqs 1À6) and using contributions of the corresponding groups to parameters R, β, π*, and ε. The values of R, β, π*, and ε for different groups were taken as for solvents with similar chemical structure (Supporting Information Table S1 ). However, we made two additional simplifications which helped to improve performance of the model: (a) ε of charged lipid groups dissolved in water (PCN and CholCh3 segments) were taken the same as ε of the water (78.4) based on the general observation that aqueous solutions of zwitterions have dielectric constants only slightly different from that of water; 25 and (b) parameters R and β of PCN and choline methyl fragments were taken as for the whole phosphatidylcholine group (that is 0.82 and 1.74, respectively).
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The π* values were defined from molar fractions of the corresponding components: 26 
The subsequent averaging of dielectric constant for the mixture of lipid and water must be done in terms of mole fractions, since water is a protic solvent:
where x W and ε W are the molar fraction and dielectric constant of water, respectively, and the polynomial function F describes the nonlinear behavior of ε using empirical coefficients ε 0 , ε 1 , and ε 2 whose values depend on the specific cosolvent. These coefficients were determined for many different water-co-solvent pairs. 27 For cosolvents with dielectric constant lower than that of water, the ε mix (x W ) curves are usually convex because very low concentrations of water contribute little to the dielectric constant. Since the parameters for waterÀlipid mixtures are unknown, the convex curve 11 was approximated by a shifted linear dependence:
Hence the presence of very small amounts of water does not affect the dielectric constant of lipid bilyer (ε bil = ε lip at x W < δ = 0.1), and ε bil reaches the value of ε W at x W = 1. Parameters R and β were calculated using mole fractions:
where R m , β m , π m , and ε m are fragmental parameters of the corresponding lipid segments, CH(CHdCH), CH 2 /CH 3 , CG, PCN, and CholCH 3 (m = 1,2,3,4 and 5, respectively) and water (m = 6) shown in Table S1 . The corresponding mole fractions, φ m were defined separately for the lipid acyl chain and aqueous mixtures:
Universal Solvation Model for Anisotropic Environment. The transfer energy of a solute molecule from water to an arbitrary position in the lipid bilayers was calculated using the universal solvation model developed in our previous work, but including the ionizable groups and dependence of solvation parameters σ i and η on the atom position along the bilayer normal (z i )
where σ i (z i ) is solvation parameter that depends on type of atom and describes surface transfer energy (per Å 2 ) of atom i from bulk water to the point z i , ASA i is a solvent-accessible surface area of atom i, η(z j ) is an energy cost of transferring the dipole moment of 1D from water to point z j , μ j is a dipole moment of group j, E k ion , and E k neutr are energies of ionizable group k in ionized and neutral states, respectively, N is the number of atoms in the molecule (excluding atoms of ionizable groups), M is the number of group dipoles, L is the number of ionizable groups, and parameters d, j, and τ define spatial position of the molecule with respect to the lipid bilayer, as previously described. 22 Thus, each ionizable group was individually selected in a charged or uncharged state, whichever has a lower energy at the given depth in the membrane.
The transfer energy of ionizable group k in neutral state was calculated as a sum of ionization energy of the group and ASAdependent transfer energies of the corresponding atoms in uncharged state
where L k is the number of atoms in ionizable group k, while the energy cost of deionization during transfer from water to nonpolar environment was defined by the HendersonÀHasse-lbalch equation:
The transfer energy in the ionized state was described by the following equation:
where σ l,ion is solvation parameter of O or N atoms in charged state; e Born is a weight factor of long-range electrostatic contribution to transfer energy; r k is an ionic radius. The dielectric function for ions was described by the Born equation modified by Abe:
The electrostatic energy was corrected for charged groups involved in ion pairs as described in eq 40. To simplify the calculations, the energy of an ionizable group was evenly divided between all atoms of the group (two oxygens in acids and three nitrogens in guanidine group). Dipole moments of ionizable groups were taken as in un-ionized state (i.e., as in the middle of the lipid bilayer).
Atomic and solvation radii were chosen as described in our companion paper. Accessible surface areas were calculated using the program SOLVA from NACCESS with probe radius of water (1.4 Å).
According to our universal solvation model, the values of solvation parameters σ i for different types of atoms (eq 19) depend on polarity parameters of the lipidÀwater mixture (R, β, and ε) that change along the bilayer normal
where R bil (z), β bil (z), and ε bil (z) are transmembrane profiles of hydrogen bonding donor and acceptor capacities and dielectric constant of the lipid bilayer, respectively, R wat , β wat , and ε wat are the corresponding values in water, and the linear regression coefficients e i , a i , and b i for different types of atoms (Supporting Information Table S3 ) were derived from water-solvent transfer energies of model compounds in the preceding publication. However, this equation was modified to describe the preferential solvation (see below).
Two alternative dielectric models were tested for describing the long-range dipolar contribution. This contribution was defined by parameter η that represents energy cost of transferring an electric dipole moment of 1D from water to the point of membrane with coordinate z. The first model was based on the use of solvatochromic dipolarity parameter, π*:
where π bil * (z) and π wat * are values of this parameter in bilayer and water, respectively. An alternative model for the dipolar contribution was based on the BlockÀWalker dielectric function of the media, F BW (ε)
The required regression coefficients e Born , σ 0 , e i , a i , b i , e dip,π , and e dip,BW (eqs 22 and 24À26) were taken from our accompanying paper (Supporting Information Table S3 ). The signs were chosen to describe transfer from water considered as the reference phase.
Treatment of Preferential Solvation. The universal solvation model (eqs 19À27) was modified to account for the preferential solvation of protein groups by water. We used a simple model of preferential solvation that operates with local mole fractions of solvents in the first solvation shell of a solute. 27, 30 The lipid bilayer was treated as a binary mixture of two weakly interacting phases: an aqueous solution of charged phosphatidylcholine groups (Aq), and a nonpolar solution of acyl chains including glycerol groups of lipids (L).
where Aq is a molecule of an aqueous component (primarily water), and L is a segment of lipid that replaces the molecule of water. This equation was used for each individual atom, S i of the macromolecular solute. The corresponding preferential solvation constant is then defined as follows:
where x are mole fractions of the corresponding species in the vicinity of solute group S i
and the free energy difference associated with Aq/L exchange is
where σ i aqflip is an atomic solvation parameter describing transfer of protein atom i from aqueous to the lipid solution, and ASA Aq is an area occupied by a molecule of an aqueous component at the surface of protein atom i. The average surface area occupied by a water molecule, ASA Aq , was estimated 14 Å, based on the hydration numbers and ASA of ammonium, guanidine and carboxylete ions.
31À33
Each atomic solvation parameter was described by an average value for the lipid-bound and aqueous solution-bound states, rather than simply using eq 24:
where mole fractions x Aq and x SL were determined as follows:
and where x W , x PCN , and x R are molar fractions of water, lipid phosphatidyl segment and choline group, respectively. Transfer energies from bulk water to lipid acyl chain solvent were calculated using eq 24
where ε bil , R lip , and β lip are calculated using eqs 9À14, respectively.
Transfer energies from bulk water to aqueous solution of phosphatidylcholine groups, were calculated similarly, but assuming no hydrophobic effect in this area (σ i 0 = 0) and assuming dielectric constant to be the same as in water where R aq and β aq are calculated using eqs 15 and 16, respectively.
The solvatochromic parameter π* and dielectric constant describe the long-range electrostatic component of the transfer energy. They depend only on the bulk dielectric properties of the mixture (as described by ε bil or π bil * ) but not on the direct binding of the solvent in the first shell. Therefore, they are not a part of the preferential solvation.
This approach takes into account only interactions of the solute group S i with both solvents, but it neglects the mutual interactions of the solvents Aq and L. It can be used because the aqueous and nonaqueous (acyl chain) solvents are poorly mixable. The phases could not be chosen as lipid and water because lipid phosphates are strongly hydrated.
Application of the Model to Proteins. The application of the method to proteins rather than to small molecules is facilitated by the existence of a limited number of standard amino acids, whose group dipole moments and ionization energies can be easily tabulated. The group dipole moments (1.8, Many protein groups are buried from the solvent in the protein interior. They are not expected to significantly contribute to the transfer energy, because they remain in the same environment during transfer of the protein from water to the lipid bilayer. Hence, we took into account only the dipolar energy of groups exposed to the solvent. The individual dipolar contributions in 19 were smoothened to linearly decrease to zero when ASA of an atom associated with the dipole moment becomes smaller than the hydration area occupied by a single molecule of water (ASA Aq ≈ 14 Å, the same as in eq 31):
The smoothening of Born energy for ionized groups (eq 22) was done similarly:
where coefficient f k = 0.5 for groups involved in ion pairs, and f k = 1 in all other cases. The value of 0.5 was chosen because an electrostatic self-energy of a dipole formed by an ionic pair is roughly of the same magnitude as the Born energy of a single individual ion. 37 The linear smoothing model should be improved in the future because it underestimates electrostatic energy of cationic groups with small ASA.
It has been evaluated that formation of the hydrogen bonds by O γ H groups of sterically constrained Ser or Thr residues in nonpolar environments leads to an energy gain of ∼À1.5 kcal/ mol. 38 Hence we included contributions of these H-bonds normalized by the hydrogen bonding donor capacity R of the environment
where E 0 was chosen to provide À1.5 kcal/mol in the middle of membrane. The H-bonds were defined as pairs of non-hydrogen donor and acceptor atoms with distance smaller than 3.5 Å and valence angles AÀB 3 3 3 X larger than 90°.
Hydrophobic Matching Condition for Transmembrane Proteins. The thickness of a fluid lipid bilayer can adjust to match the hydrophobic thickness of a transmembrane peptide or protein. The corresponding energy cost was described by the simplified expression:
where d 0 is intrinsic hydrophobic thickness of undisturbed bilayer, d eq is the actual hydrophobic thickness of the protein and bilayer in the area of their direct contact, N lip is the number of annular lipid molecules interacting with protein, and the constant Δe def = 0.029 kcal/mol/Å was chosen based on experimental studies of hydrophobic mismatch (average value of Δg mis = 0.08k B T nm
À2
). 21 The values of d 0 were taken as average hydrophobic thicknesses of inner membranes and outer bacterial membranes: 30 and 23.6 Å, respectively, as estimated previously. 22 An additional (1 Å deviation from the d 0 value was allowed without any energy penalty to account for a possible variation in the thickness of membranes in different organisms and cells. The numbers of annular lipids were estimated by calculating the transmembrane perimeter of a protein and dividing it by the width of an area occupied by a lipid molecule at the surface of the protein (it was found to be ∼6 Å to reproduce the numbers of annular lipids for TM proteins 21 ). The equilibrium value of the thickness d eq was determined for each individual transmembrane protein by minimizing total transfer energy of the protein (eq 19) with added E lip . Incorporation of the hydrophobic mismatch did not significantly change the calculated hydrophobic thickness for a vast majority of TM proteins (the differences were usually within the ( deviations observed in energy interval of 1 kcal/mol, as provided in the OPM database). This could be expected because the additional energy penalty (eq 42) is relatively small: 0.3 kcal mol À1 Å À1 for a single-helical protein (11 annular lipids) and 0.7 kcal mol Information Tables S1, S3 , and S4. A solute molecule was considered as a rigid body whose spatial position was defined by three independent variables: two rotation angles and one translation along the bilayer normal (j, τ, and d, respectively). Transfer energy (eq 19) was optimized by combining grid scan and DavidonÀFletcherÀPowell method for local energy minimization. Derivatives of transfer energy with respect to rigid body variables of the molecule were analytically calculated, as described previously. 22 Derivatives of energy with respect to z were calculated as finite differences with step of 0.01 Å. The hydrophobic thickness of TM proteins was optimized by grid scan for location of the hydrocarbon boundary (Z HDC in eq 2) with step of 0.05 Å. All other peaks of the lipid and water distributions were shifted accordingly during the optimization to remain at the same distance from the hydrocarbon boundary as in DOPC.
The program uses as input only a set of coordinate files in the PDB format. Unlike the previous version, it allows an automatic determination of transmembrane secondary structures without using any external software. The dipole moments and standard pK a values of different groups are included in the library of amino acid residues or directly in the PDB files for small molecules.
Calculation of Energy Profiles and Interfacial Scale for
Amino Acid Residues. The transbilayer energy profiles of amino acid residues were calculated by placing each amino-acid into the Rhelix or β-barrel that was arranged perpendicularly to the membrane and moved along the membrane normal with step of 1 Å. The backbone structures of the R-helix or a β-barrel were taken from crystal structures of membrane proteins (1kzu and 1qjp PDB files, respectively). All residues surrounding the "probe" residue in Rhelix or β-barrel were replaced by alanine. Side-chain conformers of the probe residue that are sterically allowed in R-helix or β-sheet were taken from a standard rotamer library and minimized with CHARMM implemented in Quanta (Accelrys Inc.). Conformers with the lowest transfer energy were automatically selected for each location along the bilayer normal during calculations of energy profiles. The conformers are not the same in different points of the profile because of "snorkeling" of polar residues to the regions with a higher concentration of water and preferential burial of nonpolar residues in the hydrocarbon core. Only side-chain atoms of the probe residue were included in the calculation of transfer energy. The locations of hydrocarbon core boundary Z HDC was adjusted to 30 and 23 Å, as corresponding to average hydrophobic thicknesses of R-helical and β-sheet proteins, respectively. The curves were symmetrized by averaging energies obtained for the positive and negative values of z because these energies are dependent on the overall (N-to C-terminus) orientation of the helix with respect to the membrane.
To make a comparison with the WimleyÀWhite interfacial scale, the optimal waterÀmembrane positions and transfer energy were calculated for N-methylacetamides of amino acids. The N-methylacetamides were taken in extended and folded conformations (j = À120°, ψ = 120°and j = À60°, ψ = À60°), with different side-chain conformers (χ 1 = ( 60 and 180°), and the conformation with the lowest transfer energy was selected after optimization of the molecule as a rigid body using OPM 2.1. The R-helical conformation of Arg-rich S4 peptide was taken from the corresponding X-ray structure (PDB ID 2kyh, residues 113À130) and was modified to include residues 113À114 in the helix. .
Calculation of Statistical Energy Profiles of Amino-Acid
Residues. Statistical energies were derived from distributions along the membrane normal of solvent exposed residues in 3D structures of 119 R-helical and 53 β-barrel transmembrane proteins from the OPM database that were oriented relative to the membrane plane by PPM 1.0 22 (lists of proteins are provided in Supporting Information). We did not include residues that are buried from the lipid in the protein interior, because the statistical preferences for such residues are dependent on the solid-state intraprotein van der Waals interactions and hydrogen bonds, rather than on proteinÀlipid interactions of interest. The number of transmembrane protein structures was relatively small because we use structures of only nonhomologous or remotely homologous proteins (with sequence identity lower than 40%) to avoid a systematic statistical bias due to evolutionarily relatedness of the proteins. A majority of lipid-facing residues are replaced in homologous proteins with identity of ∼40% because of the much higher sequence variability of solventexposed residues. We also excluded proteins whose hydrocarbon core boundaries were poorly defined, as followed from calculations with PPM 1.0.
Statistical energy of an amino-acid residue in a slice [z-δ; zþδ] was calculated by analogy to the partition coefficient, but using surface rather than volume concentrations of residues in structures of R-helical or β-sheet transmembrane proteins
where C i (z) is an average surface concentration of the lipid-facing residue type i in the slice with coordinate z ( 0.5 Å, and C i,water is an average surface concentration of the residue type i facing the water, that is, located beyond 25 Å distance from the membrane center. The sets of lipid-facing residues in transmembrane proteins (i.e., excluding water-facing residues in transmembrane channels and funnels) were calculated as previously described. 22 The surface concentration of a residue in the slice was determined by averaging ASA of the residue (side-chain only) in a set of proteins
where ASA i (z) is ASA of all side-chain atoms of residue in the slice, and ASA total (z) are total ASA of the slice, respectively, calculated for the set of proteins.
Reference surface concentration of the same residue in water was calculated similarly
Parameters of permeating water in biological membranes (φ W,outer , φ W,mid and λ in eq 5) were optimized by minimizing the rootmean-square deviation of statistical and physical energy profiles calculated by PPM 2.0 for Tyr and Trp residues (all points from À30 to þ30 Å with step of 1 Å were taken simultaneously for both residues). Physical energy profiles were calculated for residues in individual R-helix moving across the membrane, as described above. These profiles were normalized to account for the difference in residue accessibility between polytopic proteins included in statistical analysis and an individual R-helix used for calculation of physical profiles, as explained in Results.
' RESULTS Polarity Profiles of DOPC Bilayer. The lipid bilayer was considered as an anisotropic fluid whose physicochemical properties change along the membrane normal ( Figure 1 ). These properties are described by profiles of the commonly used polarity parameters that are required for the universal solvation model: hydrogen bonding donor (R) and acceptor (β) capacity, solvatochromic dipolarity parameter (π*), and BlockÀWalker dielectric function F BW (ε) for the lipidÀwater mixture. The profiles of these parameters ( Figure 1B) were calculated for DOPC and DOPS bilayers from published experimental distributions of lipid fragments and water 19, 39, 40 ( Figure 1A ) as described in Methods.
According to the published ESR studies, 20,39 the concentration of water quickly drops to 1À2.9 M in the carbonyl region (z = 14.8 Å) and sharply decreases again to 0.1À0.4 M in the lipid double bond region (z 0 = 8.2 Å) of the DOPC bilayer ( Figure 1A) , as described by eq 5. The middle point of z 0 = 8.2 Å is close to the maximum of lipid double bond distribution (9.6 Å) that represents the natural boundary between the more ordered region with the higher concentration of defects for water and a more disordered, liquid-like region. 41 To account for the preferential solvation, we treated the lipid bilayer as a binary mixture of polar aqueous and nonpolar lipid phases (see Methods). Polar phase represents aqueous solution of charged lipid segments including phosphate and choline groups. Nonpolar phase represents lipid acyl chains with glycerol/carbonyl segment ( Figure 1B) . Parameters R and β, which define solute Àsolvent interactions in the first shell were calculated separately for the phases (R aq , β aq and R lip , β lip , respectively, see eqs 13À18). The dielectric parameters (π* and ε), which define long-range electrostatic interactions, were calculated for the whole mixture using eqs 8À12.
The profiles of polarity parameters (R aq , β aq , π bil * , and ε bil ) and BlockÀWalker dielectric function F BW (ε bil ) demonstrate two sharp transition regions: one at the hydrocarbon core boundary (14.8 Å from the interior), and another in the lipid double bond region (8.2 Å from the interior). This behavior of polarity parameters follows the distribution of water inside the DOPC bilayer. Parameter β aq , which defines the hydrogen-bonding acceptor capacity of the aqueous phase, has an additional maximum at ∼20 Å from the membrane center, due to the presence of phosphate groups. Parameter β lip , which represents hydrogen-bonding acceptor capacity of the lipid phase, shows a maximum at the hydrocarbon core boundary because of the presence of lipid carbonyl groups. The shape of polarity profiles indicates the existence of three major regions: the polar headgroup region (i.e., ∼15À30 Å from the interior), the "midpolar" 10 region (∼8À15 Å from the interior) and the innermost nonpolar membrane core (0À8 Å).
Comparison of results for DOPC or DOPS bilayers shows that polarity parameters depend on the lipid composition. For example, DOPS is characterized by higher values of β aq (it is larger by ∼20% at 20 Å distance, see Supporting Information Figure S1 ) because of the presence of serine carboxyl groups in DOPS.
The profiles of hydrogen bonding capacities and dielectric functions ( Figure 1B ) were used to calculate atomic solvation parameters σ i (z), which define transfer energy for each of ten atom types, and dipolar solvation parameter η(z), which defines the energy of transferring an electric dipole moment of 1D from water ( Figure 2) . Solvation parameter curves have two transition regions at ∼15 and ∼8 Å from the bilayer center. Further, parameters for OH and N þ groups show minima at ∼20 Å because of the formation of H-bonds between these groups and lipid phosphate or carbonyl groups. Subsequent calculations of transfer energy (eq 19) are based on these profiles.
Energy Profiles of Amino-Acid Residues in DOPC Bilayer.
To verify the model, we calculated transfer energies of 18 residues (excluding Pro and Gly) incorporated into a poly-Ala R-helix moving along the membrane normal (Figures 3 and 4) . The profiles of calculated transfer (i.e., physical) energies were compared with statistical energies derived from distributions of corresponding residues in 3D structures of R-helical membrane proteins ( Figure 5 ).
The analysis of energy profiles helped us to evaluate the role of permeating water in the ordered part of the lipid acyl chain region, the significance of the preferential solvation, and the performance of alternative dielectric models (Supporting Information Figure S2 ). Neglecting the presence of water in the lipid bilayer resulted in very narrow low-energy areas for Trp and Tyr in the "mid-polar" region, inconsistent with much wider statistical energy curves. Ignoring the preferential solvation led to a significant increase of transfer energies for polar and especially 
negatively charged residues, which also disagrees with statistical profiles. The BlockÀWalker dielectric model provided wider lowenergy areas for Tyr and Trp residues than π*-based model, which is more consistent with statistical distributions. Therefore, we selected the BlockÀWalker dielectric model for describing electrostatic transfer energy of dipoles (eqs 26 and 27) and included the preferential solvation (eqs 28À36) and water distribution parameters determined by spin probes (eq 5) for all subsequent calculations.
Calculated energy profiles of nonpolar residues (Val, Leu, Ile, Phe, Ala, Met) ( Figure 3A) have wide low-energy areas encompassing the whole lipid acyl chain region, while curves for polar (Cys, Ser, Thr, Asn, Gln, His) and charged (Lys, Arg, Asp, Glu) residues have wide plateaus in this region ( Figure 3B and C). All residues with significant dipole moments (His, Ser, Thr, Cys) have shoulders in the "mid-polar" region. Residues bearing OH and N þ groups (Ser, Thr, Tyr, Arg, Lys) have additional shallow minima in the lipid headgroup region because of their H-bonding with lipid phosphate and carbonyl groups.
Patterns for Tyr and Trp residues are more complex, with broad minima in the "mid-polar" region ( Figure 3D ) and maxima in the central bilayer region. More specifically, the curve for Tyr residues has well-pronounced minima (À1.83 kcal/mol) at 14 Å , a shoulder at 8 Å , and a wide area with positive transfer energy (þ0.94 kcal/ mol) in the middle (0À6 Å from the interior). The curve for Trp residue has wider negative energy areas between 8 and 15 Å from the bilayer center. The minima for Trp and Tyr are in agreement with experimental studies that show preferential location of these residues at the lipidÀwater interfaces.
42À44 These minima arise in part due to the presence of 1À2 M water in the "mid-polar" region.
Similar calculations were performed for residues in R-helix inserted into DOPS bilayer. Results for DOPS slightly deviate from those for DOPC. The most significant differences were obtained for residues bearing N þ (Lys, Arg) and OH-groups (Tyr, Ser) (Supporting Information Figure S3 ). Energy profiles for these residues show deeper minima in the headgroup region because of additional H-bonding interactions with carboxyls of phosphatidylserine in DOPS bilayer.
To better understand the influence of protein structural context on solvation energy, we compared the water-to-bilayer transfer energies of amino-acid residues in three different systems: (1) side-chain analogs; (2) amino-acid residues incorporated in a single transmembrane R-helix; (3) amino-acid residues incorporated in a hydrophobic β-barrel. Curves obtained for residues incorporated into the β-barrel are shown on Figure 4 and Supporting Information Figures S3 and S4 .
Comparison of these three systems demonstrate that profiles of transfer energy for the same amino-acid residue follow a similar pattern, but show different absolute values of energies in each system (Figure 4 and Supporting Information Figure S4 ). The absolute values of transfer free energy depend on exposure of the corresponding residue to the solvent, which is different for isolated side chain analogs and residues in R-helix or in β-barrel. For example, the minimal absolute value of transfer energy of Trp side-chain analogue, 3-methylindole, was approximately 1.5 and 2.4 fold larger than for Trp residues in isolated R-helix and β-barrel, respectively, which is roughly proportional to their ASA of 293, 176, and 130 Å 2 , respectively (Figure 4) .
Comparison with Statistical Distributions of Residues in
Transmembrane Proteins. To further evaluate our model, we made a more detailed comparison of physical energy profiles, which were calculated for amino-acid residues in a transmembrane R-helix or a β-barrel, with statistical energies derived from distributions of solvent-exposed residues in R-helical and β-barrel transmembrane proteins, as described in Methods ( Figures 5 and 6 and Supporting Information Figure S5 ).
The comparison of energy values in the middle of membrane shows that physical energies are approximately twice as large as statistical energies (Figure 6 ). This result may be attributed to the smaller accessibility of residues to solvent in polytopic proteins, compared to that in an isolated R-helix. To verify this, we calculated average lipid-accessible ASA for different types of residues in a set of 119 transmembrane R-helical proteins. Indeed, the average ASA of residues in proteins were between 30 and 50% of that in an isolated R-helix. Hence, to compare statistical and physical energies, the later must be adjusted by multiplying them by a normalizing coefficient of ∼0.5 (k = 0.48 in Figure 6A ) that accounts for the difference in the lipid-exposed areas (similar to that in Figure 4 ). It is noteworthy that the obtained statistical and normalized physical scales are comparable to the biological hydrophobicity scale ( Figure 6B ) that was obtained using translocon-assisted insertion of hydrophobic peptides into endoplasmic reticulum membranes (see Discussion). 45 The normalized physical energy profiles reproduce the overall shape and the most important features of statistical energy profiles for the corresponding amino acids in R-helical and β-barrel proteins (Figures 5 and Supporting Information S5). These features include the negative transfer energies for nonpolar residues, the positive energies for polar and charged residues, the pronounced energy minima for Trp and Tyr in the "mid-polar" region, and the presence of two transition regions at ∼15 and ∼9 Å from the membrane center for amphiphilic and polar residues. The internal, ∼9 Å transition appears as a shoulder in statistical energy profiles of uncharged polar residues ( Figure 5B), which is less pronounced for charged residues ( Figure 5C ) in part because of insufficient statistics.
At the same time, the low-energy area of Tyr and Trp calculated in DOPC were narrower and more outwardly shifted Figure 5 . Comparison of transfer energies calculated for 15 amino acid residues in R-helix after optimization of parameters for water (solid lines) and statistical energies (squares, circles, triangles and diamonds) obtained for solvent-exposed residues in a set of 119 R-helical transmembrane proteins from bacterial, archaeal, and eukaryotic membranes from the OPM database. The calculated energies were normalized to account for the difference of ASA for the residue in the set of proteins and in isolated R-helix. Figure 6 . Comparison of physical, statistical, and biological hydrophobicity scales of amino acid residues from R-helices in the middle of membrane. A. Correlation (R 2 = 0.92) between statistical energies derived from distributions of surface residues in 119 R-helical transmembrane proteins (ΔG stat ) and transfer energies calculated for residues from an R-helix in DOPC (ΔG calcd ). The obtained slope (k = 0.48) is likely related to the decreased accessibility of residues to lipid in polytopic membrane proteins in comparison to that in a single R-helix. B. Comparison of transfer energies (a) calculated for the residues in an R-helix in DOPC after normalization by k = 0.48 (black bars), (b) derived from statistical distributions of residues in transmembrane proteins (light gray bars), and (c) determined from translocon-mediated insertion experiments 45 (dark gray bars).
than minima of statistical energy profiles. This could be due to the different lipid and protein compositions of biological membranes and the model DOPC bilayer. Hence, we attempted to refine the parameters of implicit solvation model for biological membranes by fitting the profiles of statistical and physical energies for Tyr and Trp residues. These residues were chosen as molecular probes for the following reasons: (1) shape of their curves is highly complex and, therefore, most informative, (2) their ASA are fairly constant along the bilayer normal, and (3) these residues are involved in all types of soluteÀsolvent interactions, including hydrophobic and H-bonding interactions in the first solvation shell and long-range electrostatics of their dipoles. We found that energy profiles for Tyr and Trp residues were sensitive to distribution of water inside the lipid bilayer (eq 5). Fitting statistical and normalized physical energy profiles for residues in R-helices led to the following parameters in eq 5: φ W,outer = 0.066, φ W,mid = 0.010, z o = 9.0 Å , and λ = 1.1 Å , assuming that inner and outer leaflets of membrane are symmetric. The optimal parameters for transmembrane β-barrel proteins were slightly different, suggesting a higher water concentration in outer bacterial membrane (Supporting Information Table S4 ), although the fit was relatively poor (rmsd of 0.33 kcal/mol), as compared to R-helical proteins (rmsd 0.21 kcal/mol) because of smaller statistics for β-barrel proteins. The parameters of water distribution obtained by fitting for Tyr and Trp residues were used for calculation of energy profiles for the remaining residues.
The adjustment of energy profiles for Tyr and Trp residues indicates a higher concentration of water in biological membranes bearing R-helical proteins (3.66 M in the "mid-polar" region and 0.55 M in the central region) as compared to that in DOPC (2.05 and 0.4 M, respectively) and more gradual changes of water concentration between the regions (λ = 1.1 Å in natural membranes versus λ = 0.55 Å DOPC). Dimensions of different bilayer regions in natural membranes and DOPC are rather similar: they have hydrophobic semithicknesses of 15 and 14.8 Å, respectively, with semiwidths of the central nonpolar region (z 0 ) of 9 Å and 8.6, respectively, and widths of the "mid-polar" region of 6 and 6.2 Å, respectively (Supporting Information Table S4 ). The fitting shows that water concentration in outer bacterial membranes may be higher than in inner membranes (5.33 M in the "mid-polar" region and 0.55 M in the central region).
Further analysis shows that small differences of statistical and physical energies remain even after optimizing the concentration of water ( Figure 5 ). These discrepancies are related to statistical biases not described by our model. Indeed, the statistical energies of Lys and Arg residues are lower and energies of Asp and Glu are higher than physical energies in the lipid headgroup region at the inner, but not at the outer side of membrane ( Figure 5C ). These differences reflect the increased amount of positively charged residues and the depletion of negatively charged residues in the inner leaflet of cellular membranes, known as the "positive inside" bias caused by topogenic signals and interactions of these residues with membrane lipids and the translocon machinery.
8,46
The energy minima for aromatic residues (Phe, Tyr, and Trp) are slightly wider on statistical energy curves than on physical energy curves in 15À20 Å region ( Figure 5D ). This might be due to stabilizing cation-π interactions or other factors omitted in our model. For example, the calculations did not reproduce the higher occurrence of aromatic residues in β-barrel proteins in the inner leaflet of the outer membrane (Supporting Information Figure S5 , A), which may be related to their participation in sequence motifs (e.g., YxF motif at C-terminus) essential for recognition of β-barrels by chaperones assisting translocation and membrane insertion. 47 However, all such energy preferences are dependent on the lipid composition and specific proteinÀ protein interactions, which lies beyond the scope of the present work.
Binding and Spatial Locations of Small Molecules in
Phospholipid Bilayers. The proposed anisotropic solvent model of the lipid bilayer was integrated in a new version of our PPM program for calculation of membrane binding energy and spatial arrangement of proteins or small molecules in membranes. Such application is a sensitive test to identify the existing limitations and deficiencies of the method. Thus, we calculated binding energies and preferred localizations in a phospholipid bilayer for a diverse set of small molecules, including polar, nonpolar, neutral and charged compounds, whose partitioning between water and bilayers or positioning in membranes have been experimentally determined (Supporting Information Table S5 ). However, to avoid analysis of conformational equilibrium, we selected a set of conformationally rigid organic molecules composed of N, C, O, S, and H atoms.
Experimental binding affinities of small molecules were reproduced with correlation coefficient R 2 = 0.65 and rmse of 0.74 kcal/mol ( Figure 7A ). The performance of PPM 2.0 for small molecules should be further improved by additional parametrization and by including other factors that are currently missing in the model, such as immobilization energy, electrostatic components of ionic interactions, or steric factor. 48 As an additional test, we calculated spatial positions and orientations in membrane for another set of amphiphils, including indole analogs and three drugs (imipramine, nicotine and caffeine), whose interactions with phopsholipid bicelles have been studied by NMR. 49À51 Our calculations show that all such molecules are located near the lipid carbonyl area, with nonpolar aromatic ring penetrating to the lipid acyl chain region and their positively charged groups interacting with lipid phosphates ( Figure 7B ). The overall orientations and positions of the molecules, including the penetration of imipramine and nicotine aromatic rings into the hydrophobic environment, and the weak insertion and binding of caffeine are consistent with NMR studies of these drugs in phospholipid bicelles. 50 The calculated locations of indole analogs in the "mid-polar"/glycerol region are consistent with one of the binding modes observed by 1 H and 2 H NMR. 49 However, we did not detect the second mode of indole binding near choline groups, as observed in a bimodal distribution found in NMR studies. 49 Such results indicate that our model can properly balance different nonspecific interactions that define locations of small molecules in the interfacial region of lipid bilayer, but the method should be improved by including the cation-π interaction 52 to reproduce the second indole location. 49 Comparison with Interfacial Energies of Amino Acid Residues. The method was tested by calculating spatial positions and transfer energies of N-methyl-acetamides of nonpolar amino acids, while N-methyl-acetamides of polar amino acids were predicted not to be bound. These energies were compared with membrane binding affinities that have been determined for the hydrophobic pentapeptide Ac-WL-X-LL and tripeptde AXA-Ot-Bu in the presence of POPC and DMPC bilayers, respectively. 53, 54 After subtraction of energy of the reference Ala residue, the relative binding energies of Tyr, Trp, Met, and Thr residues were reproduced with rmse of 0.5 kcal/mol and R 2 = 0.6 (Supporting Information Table S6 and Figure 8 ). However, calculated energies of strongly hydrophobic residues (Ile, Leu, Val, Phe) were overestimated as compared with data for pentapeptides. Better agreement was attained with experimental data for tripeptides. The discrepancy for strongly hydrophobic residues may be explained by a partial hydrophobic collapse of residues in the unfolded peptides in the membrane-bound state, which may be more pronounced for larger peptides. Indeed, NMR studies of the Ala-Phe-Ala-O-t-Bu demonstrated the presence of intramolecular NOEs between the aromatic ring of Phe 2 , H β of adjacent Ala, and C-terminal tert-butyl group in membrane-bound tripeptide. 55 Membrane Binding Affinities of Peripheral Proteins. Our previous evaluation of the performance of the PPM1.0 indicated that even the simplified version of the method was able to predict the membrane binding free energies of peripheral proteins that are anchored to the membranes via patches of solvent-exposed hydrophobic residues. However, the correlation between experimental and PPM1.0-calculated values of transfer free energy was rather poor (R 2 = 0.47 and rmse of 2.73 kcal/mol). The advanced PPM 2.0 method improved predictions of membrane binding energies (R 2 = 0.78 and rmse of 1.13 kcal/mol) for the same set of 16 peripheral proteins ( Figure 9 and Supporting Information Table S7 ). The agreement between experimental and calculated values was better when calculations were performed with water distribution parameters obtained for natural membranes.
PPM2.0 has recently been applied for the prediction of the effects of mutations of water-exposed hydrophobic residues of human R-tocopherol transfer protein. 56 Good correlations (R 2 from 0.83 to 0.89) were obtained between predicted changes in transfer free energy of mutant proteins and rates of protein binding to phospholipid bilayers, as well as with the relative rates of tocopherol delivery to PC vesicles. Spatial Positions in Membrane of an Arg-Rich Peptide. We further evaluated our method on Arg-rich peptide 113 LGLFRL-VRLLRFLRILLI 130 derived from the S4 helix of KvAP voltage sensor domain of the K-channel of archaebacteria Aeropyrum pernix. On the basis of published studies, the energetic cost of burial of an Arg-residue in the nonpolar environment should be very high, 57 which would prevent insertion of S4-peptide with four arginines into the lipid bilayer. However, studies of isolated S4 peptide in model membranes by solid-state NMR 58 demonstrated the transmembrane orientation of this peptide in R-helical conformation. This peptide also can be readily inserted into the membrane through the translocon machinery. 59 To reconcile the differences between theoretical expectations and the experiment, we calculated the spatial position of this peptide in the lipid bilayer.
The results of calculations performed by PPM 2.0 indicate that S4 peptide can form R-helix and associate with the lipid bilayer either in a surface orientation (ΔG transf equal to À9.5 kcal/mol) or in transmembane orientation (ΔG transf from À9.5 to À14 kcal/mol), depending on the bilayer thickness ( Figure 10A ). The transmembrane orientation becomes energetically preferred only in a bilayer with hydrophobic thickness smaller than 23.5 Å. The Figure 8 . Comparison of calculated transfer energies of N-methyl acetamides of nonpolar residues and membrane binding energies of the corresponding residues included in host Ac-WL-X-LL pentapeptides 53 (black circles; data from Supporting Information Table S6 ; R 2 = 0.63). Energy of the reference peptide with Ala residue was subtracted. 
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ARTICLE tilt angle with respect to the membrane normal of the peptide in transmembrane orientation varies from 22 to 40°depending on the bilayer thickness, and it is ∼73°in the alternative surface orientation.
In the transmembrane orientation of S4 R-helix, the guanidinium groups of R120 and R123 "snorkel" to the "mid-polar" region of the lipid bilayer which has an increased water concentration (3.66 M, as evaluated for natural membranes). The preferential solvation of guanidinium groups by water in this region significantly reduces the energy penalty for transferring Arg residues to this generally hydrophobic environment. R117 and R126 residues are inserted in the lipid headgroup regions from the both sides of the bilayer, where they may form ionic bridges with lipid phosphates ( Figure 10B ).
Our observations agree with results of solid-state NMR studies, which demonstrated that S4 peptide can be inserted into a DMPC bilayer at 40°tilt angle producing local bilayer thinning of ∼9 Å . 58 Indeed, 9 Å -thinning of the DMPC bilayer, whose average hydrophobic thickness in fully hydrated fluid state was estimated from X-ray scattering at 25.4 Å , 60 would result in a bilayer with a hydrophobic thickness of 16.4 Å . Our estimates indicate that S4 peptide would insert into the membrane at 40°t ilt angle at this thickness. On the other hand, our calculations with the hydrophobic mishmatch penalty (see Methods) yield the optimal hydrophobic thickness of the peptide at 21 ( 6.8 Å .
This thickness corresponds to the insertion of the S4 peptide at 22.5 ( 11.4°tilt angle. Thus, our results suggest that the relative proportion between two orientations depends on the membrane thickness: surfacebound S4-helices will be more abundant than transmembrane S4-helices for a hydrophobic thickness larger than 23.5 Å and vice versa. This is in line with the small energy penalty (∼0.5 kcal/ mol) obtained for translocon-mediated insertion of S4-helix in endoplasmic reticulum membranes, 59 whose hydrophobic thickness was estimated at 27.5 Å . 61 Similar to recent MD simulations of the S4-helix, 62 our method was able to predict membrane thinning and to identify the most important interactions of S4 peptide with lipid bilayer components, such as hydration of R120 and R123 by water in the "mid-polar" region and hydrogen bonds of R117 and R126 with lipid phosphates. However, the significant advantage of our method is its high computational efficiency and its ability to operate directly with transfer free energies that can be easily compared with experimental data.
Application of PPM2.0 to Membrane Proteins from the OPM Database. After the successful testing of the developed method for small molecules, peptides and peripheral proteins, we recalculated the spatial positions in membranes of ∼1000 membrane-associated peptides and proteins deposited in our OPM database. 23 Membrane polarity profiles were essentially the same as in the DOPC bilayer ( Figure 1B ) except the increased concentration of permeating water in natural membranes (Supporting Information Table S4) .
We compared the newly calculated spatial positions with experimental data for 24 transmembrane and 42 peripheral proteins that were previously used for verification of the PPM 1.0 method. 22, 63 The previously predicted and newly obtained orientations of these proteins in membrane were rather similar and almost equally consistent with experimental data, in part because such data are usually approximate or qualitative. A more detailed comparison with all relevant experimental studies of peptides and proteins is beyond the scope of this work, although the corresponding information is included in comments for individual proteins in the updated OPM database. 23 The results of calculations were improved for proteins with incomplete 3D structures, transmembrane proteins with poorly defined hydrophobic boundaries and weakly bound peripheral proteins, but remained mostly unchanged in other cases. For example, recalculation of prostaglandin H2 synthase-1 dimer (PDB code 1q4g) resulted in a fully symmetric membrane binding mode, unlike the previously obtained slightly tilted orientation. For several transmembrane proteins, such as diacylglycerol kinase, ferrous-iron efflux pump and acid-sensitive ion channel (PDB codes 2kdc, 2qfi, and 3hgc, respectively), PPM 2.0 determined positions of both hydrophobic boundaries, while PPM 1.0 erroneously predicted insertion from one side with penetration depth of more than 20 Å. The hydrophobic thicknesses of several transmembrane proteins, such as ClC-chloride channel and calcium ATPase, increased and became closer to 30 Å. Hydrophobic thicknesses of these proteins were probably underestimated previously. The incorporation of a hydrophobic mismatch penalty allowed us to improve calculations of single transmembrane R-helices, having small and therefore poorly defined hydrophobic boundaries. Furthermore, PPM2.0 was able to predict the experimentally suggested membrane binding modes for some proteins with incomplete 3D structures (outer membrane complex of type IV secretion system, 3jqo) or in closed conformation (oxysterol-binding protein homologue, 1zhx), where PPM 1.0 failed. A significant progress was observed for positioning of peripheral proteins in membranes, whose binding energies were calculated more accurately with PPM 2.0 ( Figure 9 ). Some proteins reduced their membrane penetration depths or slightly changed orientation because of explicit incorporation of electrostatic energy in a new model. This effect is more pronounced for peptides and proteins bound to membranes via nonregular hydrophobic loops whose main chain peptide groups are exposed to solvent. The stronger anchoring of Tyr and Trp residues also plays a role.
' DISCUSSION Main Features of the Proposed Model. In this work, we present the development, testing, and application of our improved method for calculation of membrane binding affinities and spatial positions in biological membranes of diverse molecules, ranging from small drug-like compounds and peptides to peripheral and integral membrane proteins. In our approximation, a solute is regarded as a rigid body, and the lipid environment is represented as an anisotropic fluid. The underlying physical model describes only changes in solvation energy, assuming that the internal energy of a solute does not change upon its transfer from water to the lipid bilayer. This solvation model can be further applied for analysis of conformational changes and proteinÀprotein association, when combined with molecular mechanics force fields for describing internal energy of the system, 38, 64 but this is beyond the scope of this work. The underlying methodology includes two novel components: (a) an original universal solvation model for calculating transfer energy of molecules from water to an arbitrary isotropic or anisotropic environment with defined polarity parameters, (b) an anisotropic solvent representation of the lipid bilayer based on published experimental data.
According to the universal solvation model presented in the preceding paper, the transfer energy of a solute includes two terms: (1) an ASA-dependent term that accounts for van der Waals and H-bonding solventÀsolute interactions and entropy of solvent molecules in the first solvation shell and (2) an electrostatic term that describes solvation energy of dipoles and ions, ionic interactions, deionization penalty for charged groups in nonpolar environment. The universal solvation model was carefully parametrized to operate with free energy of solvation (as described in the accompanying paper). This allows us to make direct estimation of transfer free energies of membraneassociated peptides, proteins and small molecules that can be compared with their experimental membrane binding affinities.
The proposed anisotropic solvent model approximates complex properties of the lipid bilayer by profiles of polarity parameters (ε, π*, R, and β) that are used in empirical solvation models developed for small molecules, 15 as well as for experimental characterization of membrane interfaces. 65, 66 The polarity profiles implemented in the current model ( Figure 1B ) are based on distributions of quasi-molecular segments of lipids in DOPC ( Figure 1A ) and DOPS, as determined from X-ray and neutron scattering data. 19, 40 The complex behavior of polarity parameters differs from that in hydrophobic slab models, where the waterÀlipid interface was characterized by the abrupt dielectric boundary with a smoothing length λ of 0.6 to 2 Å.
22,67À69
Our new model also accounts for the permeation of water into the lipid bilayer, describes the preferential solvation in the lipidÀwater mixture, and includes the hydrophobic mismatch for transmembrane proteins. 21 Comparison of polarity profiles calculated for DOPC and DOPS bilayers demonstrated that hydrogen bonding capacity parameters are sensitive to the nature of lipid headgroup. Dependence of polarity parameters on the lipid composition has been previously demonstrated by spin or fluorescent probes.
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Properties of Phospholipid Bilayer. Observed changes of polarity parameters across the DOPC bilayer indicate the existence of three distinct regions: (1) the headgroup region formed by choline and phosphates (14.8À30 Å from the center of membrane), where water concentration changes from 55.5 to 30 M; (2) the "mid-polar" region (8.2 to 14.8 Å ) with octanollike properties (ε ≈ 11) and intermediate water concentration (∼1À3 M) that is formed by lipid carbonyls and ordered acyl chains including the double bonds; and (3) the internal hydrocarbon core region (within ∼8 Å from the membrane center) with cyclohexane-like properties (ε ≈ 2.5) and low water concentration (<0.5 M) that is formed by disordered acyl chains. The noticeable water concentration in the "mid-polar" region of the DOPC blayer was experimentally detected by spin probes. 20, 39, 72 The presence of water in the high density acyl tail/headgroup regions was supported by MD simulations of phospholipid bilayers. 73 Thus, the water concentration changes in a wide interfacial zone, which combines head groups of the lipids and the ordered part of their acyl chains. This aqueous gradient gives rise to transmembrane polarity profiles that can be detected by physical methods 71, 72 or using statistical analysis of protein structures. 74 A similar structure of the lipid bilayer, with nonpolar, midpolar and highly polar phosphatidylcholine regions was identified in MD simulations. 12 The dielectric properties of phospholipid bilayers in our model generally agree with estimations based on EPR and fluorescence studies, especially for the lipid carbonyl and acyl chain regions. 48, 71 At the same time, the dielectric constant was assumed to be about the same in the bulk water and in the lipid headgroup region but abruptly change at the hydrocarbon core boundary ( Figure 1B) , while the fluorescence data suggest a more gradual decrease of the dielectric constant from ε ≈ 60 to ε ≈ 30 over the entire lipid headgroup region. 48, 75 The relatively high dielectric field in the lipid headgroup area can be supported by the observation that aqueous solutions of zwitterions have dielectric constants slightly higher than water. 25 In general, the dielectric constant for the electrolyte solution may decrease or increase with rising electrolyte concentration due to the hydration of ions or formation of ion pairs, respectively. 76 Higher dielectric constant in the lipid headgroup region would facilitate penetration of charged groups inside this region. This agrees with the high occurrence of charged amino-acids in the lipid headgroup region, where they may form hydrogen bonds and ionic pairs with lipids.
Our evaluation of properties of biological membranes from the distribution of residues in structures of membrane proteins indicates that the hydrophobic thicknesses vary from ∼28À30 Å in membranes with R-helical proteins to ∼22À24 Å in outer bacterial membranes with β-barrel proteins. Accordingly, widths of the "mid-polar" regions vary from 6.0 to 6.2 Å to 4À4.3 Å in membranes with R-helical and β-barrel proteins, respectively.
The "mid-polar" region is composed of lipid acyl chains with double bonds including glycerol and carbonyl segments. It is also known as soft polymer region with a relatively high lipid order. 73 The abundance of acyl chains in this region provides hydrophobic interactions, while the 1À3 M of water is sufficient for the preferential hydrogen bonding with polar groups of the protein, which reduces their dehydration penalty in this region. This effect is most pronounced for the charged carboxylate groups of Asp and Glu residues. Furthermore, the electrostatic energy cost for transferring dipolar and ionized groups to this region is relatively small because Block-Walker and Abe dielectric functions reach only half of their maximal values ( Figure 1B) .
The distinct physicochemical properties of the "mid-polar" region favor the accumulation of Trp and Tyr residues, which was experimentally demonstrated for membrane proteins and amino acid analogues. 42, 43, 49, 77 This can be understood by analyzing the relative contributions of hydrophobic, H-bonding and dipolar interactions of Trp and Tyr residues in different regions of the lipid bilayer (Supporting Information Figure S6 ). This analysis shows that energy minima of Tyr and Trp residues in the "midpolar" region originate from the favorable hydrophobic interactions that are only slightly counterbalanced by electrostatic penalty for transferring their dipoles and by the cost of breaking hydrogen bonds between their polar groups and bulk water. The higher energy maximum in the membrane center for Tyr versus Trp residue can be attributed to the higher dehydration penalty of the Tyr OH group, which has a larger ASA than NH of the Trp indole.
Any molecule that combines a hydrophobic moiety with nonzero dipole moment is expected to be preferentially distributed in the "mid-polar" region. Indeed, we found that His, Cys and Thr residues have shallow energy minima in this area. The minima for Tyr, Thr and Ser residues are enforced by their hydrogen bonds with lipid carbonyls and phosphates. Amphiphilic drugs and drug-like compounds also tend to accumulate in the "mid-polar" region ( Figure 7 ). This may explain the observed correlation between water-liposome partition coefficients of drugs and the corresponding waterÀoctanol log P values. 48 Intramembrane Water Distribution. Comparison of transfer energies calculated for residues in R-helix with statistical energies derived from analysis of protein structures ( Figure 5 and Supporting Information Figure S5 ) allowed us to refine the distribution of water along the membrane normal. We assessed the water concentrations in the "mid-polar" and the central regions of different biological membranes by fitting the theoretically predicted and statistical energy profiles for Trp and Tyr residues in R-helical or β-barrel proteins. This estimate is rather approximate because we combined R-helical proteins from different types of membranes (archaeal, inner bacterial, and eukaryotic) to increase the statistics, whereas β-barrel proteins were taken from outer membranes of different gram-negative bacteria.
The best fit for R-helical proteins was obtained with the average water concentration in the "mid-polar" region of 3.66 M, that is, almost twice as much as the corresponding values obtained by spin probes for DOPC membrane (2.05 M). 20 The increased water concentration in biological membranes may be attributed to the higher lipid heterogeneity and to the presence of proteins. Indeed, it was shown by spin probes that modifications of lipid composition or the addition of cholesterol increased the hydration level of spin probes in the region adjacent to the lipid head groups. 39, 72 The presence of peptides or proteins may also induce water permeation into the lipid bilayer, similar to the "dragging" of water by small polar molecules to nonpolar solvents. 78 Water distribution parameters, which we obtained for membranes bearing β-barrel proteins, indicated even higher water concentration inside outer bacterial membranes (5.33 M in the "mid-polar region and 0.55 M in the central region) (Supporting Information Table S4 ). This is consistent with neutron scattering studies of outer bacterial membranes of Pseudomonas aeruginosa, which found the presence of water in the entire length of the lipopolysaccharide bilayer, including the central core region, unlike that in DOPC bilayer.
79
Whole-Residue Hydrophobicity Scales. The physical and statistical energy profiles obtained in this work ( Figure 5 and Supporting Information Figure S5 ) can be regarded as wholeresidue hydrophobicity scales of R-helical or β-barrel proteins defined for any location along the bilayer normal. Similar scales for residues in R-helical proteins have been developed using statistical analysis, MD simulations or in vivo experimental studies. 45,80À83 To compare our energy profiles to experimentally derived hydrophobicity scales, 45 ,57,84À86 we used transfer energy values for residues located in the membrane center. There is a good correlation between our physical and statistical scales for both R-helical and β-barrel proteins (R 2 are equal to 0.92 and 0.91, respectively, Figure 6A ). The physical scale correlates remarkably well with water/cyclohexane scale for amino acid side-chain analogues 57 (R 2 = 0.93) but shows only moderate correlation with WimleyÀWhite (WW) water/octanol scale 84 (R 2 = 0.73, Figure 11A ). This is expected because the central part of the lipid bilayer can be approximated well by a nonpolar aliphatic solvent, rather than by wet n-octanol solution, 87, 88 which dissolves up to 2.3 M of water. 89 On the other hand, noctanol can mimic properties of the "mid-polar" region of the lipid bilayer. Indeed, the correlation between WW water/octanol scale 84 and physical scale obtained for the "mid-polar" region (at 12 Å distance from the interior) was much better (R 2 = 0.82, slope 0.81; not shown).
A plot of the physical versus the statistical scale shows a slop factor of 0.48, while a plot of the physical scale versus the watercyclohexane scale has slop factor of 1.42 ( Figures 6A and 11A ). The observed difference in slopes may reflect different accessibility of side chains in various systems: ∼2 fold smaller ASA of residues in multispanning R-helical proteins than in an isolated R-helix and ∼1.4 fold larger ASA of side chain analogues than of residues incorporated in an R-helix. Such dependence of transfer free energy of residues on their solvent exposure in different model systems was mentioned above (Figure 4) .
We also compared transfer energies obtained in the present work with several biological scales recently developed for different in vivo helix translocation systems: the translation of model proteins with a hydrophobic peptide by Sec61 machinery in mammalian 45, 81 or yeast 85 endoplasmic reticulum membranes, or insertion of an R-helical hairpin in inner membrane of E. coli by YidC machinery 86 ( Figure 11B) . Correlation of the physical scale with different biological scales is reasonably good (R 2 from 0.79 to 0.86), but the slopes vary significantly from 0.1 to 0.68, depending of the in vivo translocation machinery. These differences in slopes may be related to the distinct local environment of the tested hydrophobic peptides inside the translocation systems and to the different interactions of the nascent helix with other transmembrane helices of the growing protein. However, the observed variations may also be related to the differences in data analysis. 45, 81 The physical energy profiles obtained in the present work may be used for prediction of single-spanning (bitopic) R-helical proteins whose helices must be individually stable in the lipid bilayer without interactions with neighboring helices. Furthermore, the normalized physical scales or statistical scales from this work may also be used for prediction of transmembrane helices in polytopic proteins, just as the biological hydrophobicity scale derived from in vivo insertion of hydrophobic helixes mediated by translocon machinery. 45 Although the whole-residue scales may be applied for the genome-wide prediction of transmembrane R-helices, the wholeresidue approach is inadequate for the correct evaluation of lipidÀprotein interactions, because it does not account for significant variations of residue accessibilities on the surface of individual protein structures (Figure 4) . In contrast, only allatom representation of proteins and small molecules, as developed in this work, can accurately reproduce their interactions with surrounding water and anisotropic lipid environment. Figure 11 . Correlations between theoretically predicted transfer energies of residues in R-helix from water to the middle of DOPC bilayer (ΔG calc ) and published whole-residue hydrophobicity scales. A. Comparison of ΔG calc with experimental water/cyclohexane transfer energies of side chain analogues 57 (black circles, black solid line, R 2 = 0.92) and WW water/octanol scale 84 (gray circles, gray solid line, R 2 = 0.73). B. Correlations between physical scale and different biological scales obtained for mammalian 45 (gray circles, gray solid line, R 2 = 0.83), yeast 85 (black squares, black solid line, R 2 = 0.79) or bacterial 86 (black triangles, black dashed line, R 2 = 0.82) translocation systems.
Computational Implementation and Validation. The developed theoretical method was integrated in a new version of our program (PPM 2.0) that computes the energetically preferred spatial arrangements of molecules with respect to the lipid bilayer (see Methods). The new method was validated for peripheral proteins, peptides and small molecules whose membrane penetration depth, spatial orientation with respect to the lipid bilayer or membrane binding affinities have been experimentally studied. We found a much better accuracy of PPM 2.0 than PPM 1.0 in prediction of membrane binding energies of small molecules and peripheral proteins (R 2 increased from 0.47 to 0.78 and rmse improved from 2.73 to 1.13 kcal/mol). An especially challenging test was prediction of the membrane binding mode for a short Arg-rich peptide, which requires a precise balance of the hydrophobic, electrostatic and other interactions in the "mid-polar" region of the bilayer that was provided only by the improved method. It is noteworthy that none of other published theoretical methods was validated against experimental membrane binding affinities of small molecules, peptides and proteins or for a large set of peripheral proteins with known spatial positions in membranes.
' CONCLUSION
We improved our computational method (PPM 2.0) by developing a significantly more advanced anisotropic solvent model of the lipid bilayer. High efficiency, accuracy, and reliability of this method makes it a unique tool for large-scale computational analysis of binding and preferred spatial arrangement of integral and peripheral proteins, as well as small molecules, including peptides, organic compounds and drugs. Therefore, PPM 2.0 was applied for recalculation of spatial arrangement in membranes of ∼1000 membrane-associated proteins and peptides from the OPM database. 23 The current method operates with transverse properties of the lipid bialyer by calculating complex polarity profiles from the known distributions of lipid fragments and water along the membrane normal. However, increasing attention has recently been paid to the lateral structure of lipid bilayer: formation of protein clusters and lipid rafts. The impact of lateral pressure, curvature, charge, lipid order, and the lipid domains on the insertion and orientation of proteins in membranes can be also included in the implicit solvent model of the lipid bilayer, but this will be the subject of future studies.
' ASSOCIATED CONTENT b S Supporting Information. Supporting Information includes parameters of lipid groups and water used for calculation of polarity profiles of DOPC and DOPS bilayers (Tables S1 and S2) , linear regression coefficients applied for calculations of atomic solvation parameters (Table S3) , water distribution parameters determined by fitting physical and statistical energies of Trp and Tyr residues (Table S4) , comparison of calculated and experimental membrane binding free energies of small molecules (Table S5) , comparison of calculated transfer energies of N-methyl acetamides of nonpolar amino acids with WimleyÀ White and JacobsÀWhite hydrophobicity scales (Table S6) , comparison of experimental and calculated membrane binding affinities of 16 peripheral proteins (Table S7) , lists of PDB codes of R-helical and β-barrel transmembrane proteins used for calculation of statistical energy profiles. It also includes figures with transbilayer profiles of hydrogen bonding donor and acceptor parameters in different model membranes ( Figure S1 ), comparisons of transfer energy profiles calculated for Tyr and Trp residues in R-helix using different theoretical models ( Figure S2 ) and in different bilayers ( Figure S3 ), calculated transfer energy profiles of amino-acid residues in β-barrel ( Figure S4 ), comparison of physical and statistical energy profiles for β-barrel residues ( Figure S5) , and different contributions to transfer energy of Trp and Tyr residues in R-helix ( Figure S6 ). This material is available free of charge via the Internet at http:// pubs.acs.org. ' ABBREVIATIONS DOPC, dioleoylphosphatidylcholine; DOPS, dioleoylphosphatidylserine; ASA, solvent accessible surface area; rmse, root-meansquare error; PPM, positioning of proteins in membranes computational method; OPM, orientations of proteins in membranes database
